INTRODUCTION
The cellular mechanisms underlying long-term synaptic plasticity have begun to emerge in a recent (pCREB) (Nguyen& Kandel, 1996; Deisseroff et al., 1996; Impey et al., 1996) . The cyclic AMP-dependent activation of protein kinase A (PKA) has been shown to be critical for maintaining the late phase of long-term potentiation (LTP) (Nguyen & Kandel, 1996 , Impey et al., 1996 , and of extensive synaptic stimulation, which yields LTP in cultured neurons and leads to the calcium-dependent phosphorylation of CREB (Deisseroth et al., 1996) . Behaviorally, pCREB is required for maintaining long-term, but not shortterm, memory (Lamprecht et al., 1997) . Central to the study of long-term neuronal plasticity are dendritic spines, which are the primary targets of excitatory synaptic inputs and have been intimately associated with the long-term morphological modifications that are seen during LTP and behavioral plasticity (Chang & Greenough, 1984; Fifkova & Van Harreveld, 1977; Geinisman et al., 1988; Lee et al., 1980) . Changes in spine morphology may affect the dendritic integration of synaptic potentials (Harris & Kater, 1994) . Despite an apparently pivotal role in synaptic plasticity, little is known about the molecular events linking CREB, neuronal plasticity, and the regulation of dendritic spine formation.
To study the molecular events linking these plasticity-related neuronal processes, we developed a tissue-culture system, in which dissociated rat hippocampal neurons are grown for several weeks. The neurons are then exposed to chemical stimulation and monitored for changes in dendritic morphology and spine density. In earlier studies, we found that cultured neurons develop dendritic spines during their 3 weeks in culture, and that these spines serve as the post-synaptic sites for connections (C) Freund and Pettman, U.K., 1998 among adjacent cells in the culture (Papa et al., 1995) . We also found that exposure of the cultures to stimuli that enhance spontaneous activity (for example, blockade of inhibition by picrotoxin or bicuculline) cause the formation of dendritic spines (Papa & Segal, 1996) . More recently, we found that estradiol produces a two-fold increase in dendritic spine density in cultured hippocampal neurons (Murphy & Segal, 1996) , qualitatively similar to its effects in vivo (Woolley & McEwen, 1994 (Spaulding, 1993) , and estradiol may affect CREB (Gu etal., 1996) , we explored the possible involvement of CREB in the action of estradiol on dendritic spine formation.
Estradiol produced a slow-onset, long-lasting inere.ase in the immunoreactivity of nuclear pCREB and of the CREB-binding protein (CBP), which binds specifically to the PKA-phosphorylated form of CREB, and thus augments the ability of pCREB to activate the transcription of cAMP-responsive genes, as shown in Fig. 1 (Murphy & Segal, 1996) (also see below).
We found that the NMDA receptor plays a crucial role in the formation of spines by estradiol, as well as in the activation of CREB by estradiol, because these effects were blocked by the NMDA antagonist, 2-APV (Murphy & Segal, 1996 (Deisseroth et al., 1996) . Indeed, BAPTA-AM, which by itself caused a significant reduction in the mean CBP fluorescence intensity of the measured neurons, also blocked the response to estradiol (Murphy & Segal, 1997 (Murphy & Segal, 1997) . After exposure to estradiol, the spine density measured in DiI-stained cells increases by 69% in the sensecontrol culture, but is not affected by the hormone in antisense treated cells.
The universality of the CREB mediation of spine formation was also tested following exposure of the cultures to the GABAergic-receptor antagonist, bicuculline. Bicuculline causes an increase in spine density (Papa & Segal, 1996) , which is significant as early as 6 hr after onset of exposure and then peaks 24 hr later. Bicuculline also causes a large increase in pCREB immunoreactivity within 0.5 hr after exposure to the drug, reaching a peak at 4 hr and then returning to baseline after 8 hr (Fig. 1) In our more recent studies, the GABAergic interneuron was implicated in the action of estradiol (Murphy et al., 1998) . Estrogen receptors are localized exclusively on aspiny GABAergic interneurons, as seen in vivo (Weiland et al., 1995) . This observation means that the effects of estradiol on spine formation in spiny pyramidal neurons, which lack an apparent estrogen receptor, must be indirect.
We found that estradiol downregulates activity is blocked by tetrodotoxin, and also in cultures treated 100-80. (Deisseroth et al., 1996) and the fast kinetics of pCREB activation seen with bicuculline.
Such a slow time course is consistent with the time course of spine formation following exposure to estradiol, which peaks 48-72 hr after the onset of exposure (Murphy & Segal, 1996 (Murphy & Segal, 1997) .
The nature of this additional signal is still unknown, but we did find that SP-cAMP, when applied together with a depolarizing agent, does enhance the production of spines (unpublished observations).
An alternative possibility to be considered is that by itself, CREB activation can produce spines, but the extent of this action depends on the pattern of CREB activation rather than on the absolute level of activated CREB. For example, it was recently found that a cyclic elevation of intracellular calcium can enhance gene expression differentially in a way that is distinct from that produced by a continuous rise in [Ca] i (Dolmetsch et al., 1998 [Ca] , and its subsequent effect on CREB activation, its duration, and magnitude will determine the ability of CREB to cause the formation of dendritic spines.
Independent of its involvement in the formation of dendritic spines, CREB activation has been implicated in long-term memory storage (Lamprecht et al., 1997 (Crino et al., 1998 ).
These and similar issues are to be addressed in future studies. Such studies will lead us to a better understanding of the formation of new dendritic spines and their relevance to neuronal plasticity.
